This study presents total mercury concentrations (HgT) in selected tissues and organs (blood, muscles, liver, kidneys, feathers and claws) of the herring gull (Larus argentatus) in order to assess the environmental pollution in the coastal zone of the southern Baltic. Dead, frozen birds were collected in the vicinity of Wladysławowo between December 2009 and March 2010, an exceptionally severe winter − a total of 13 specimens; 6 adults (>4 years old) and 7 immature birds (≤4 years old). Mercury concentrations in all analyzed samples exceeded the detection limit. The lowest average concentration, at a level of 0.4 μg Hg g -1 (d.w.) was observed in the muscles of adult and immature gulls while the highest, at a level of 3.3 μg Hg g -1 (d.w), was determined in the contour of immature gulls. A significant
INTRODUCTION
Mercury has always been a natural component of the environment but in the past, it occurred at concentrations which did not pose a threat to living organisms. However, heavy metal concentrations in the marine environment have increased, which together with the disturbance of their natural biogeochemical cycles have been attributed to anthropogenic activity (Haarich 1994) . Such a situation creates the necessity for continuous monitoring of the marine environment. Special attention should be given to biomagnifying metals, such as mercury, because of their potential toxicity to humans. Among marine vertebrates, birds are ideal bioindicators (Furness and Camphuysen 1997) as they form one of the top links in the food chain and tend to accumulate mercury in their bodies. Eggs and feathers of seabirds provide an easy way of collecting samples to study the variability of mercury concentration in the environment and therefore, they are often used for this purpose. For several years, blood has also been considered a tissue that allows systematic, year-round monitoring of environmental pollution (Kahle and Becker 1999) .
The Baltic Sea is an inland sea surrounded by economically developed and industrialized countries. For this reason, it is particularly vulnerable to pollution from human activity. Also the average depth of the Baltic Sea (52 m) and the low rate of exchange with the North Sea are conducive to accumulation of pollutants. The main sources of mercury in the Baltic Sea are rivers and atmospheric transport. In 2009, the open Baltic Sea coast was characterized by low Hg concentrations in the range of 0.1-3.9 ng Hg dm -1 . In Osłonino (14 km from Władysławowo), a sheltered part of the Gulf of Gdańsk, the concentration of Hg in the water was two times higher (from 1.6 to 7.5 ng Hg dm -1 ) (Saniewska et al. 2010) . Larus argentatus wintering in the vicinity of Władysławowo feeds mainly on fish. The mean concentration of mercury in the whole herring (Clupea harengus), caught in the Polish economic zone of the Baltic Sea, was 31.8 ng g -1 .
Birds feed on the guts of cod (Gadus morhua). The fish are gutted on board fishing vessels and their entrails are thrown overboard. Mercury bioaccumulates and biomagnifies in the environment due to the fact that birds are particularly vulnerable to its effects. However, the analysis of feathers, eggs and blood alone is not enough to assess the influence of mercury on the physiology and behavior of birds. Mercury is highly toxic, able to migrate through barriers within the organism, and the magnitude of its accumulation depends on the diet. The highest concentrations of this metal are observed in the liver and kidneys, i.e. the organs responsible for detoxification of the organism. The extent of mercury accumulation in the brain is also very important. According to Kalisinska and Dziubak (2007) , high levels of mercury in the central nervous system can disturb the motor coordination and kinesthesia of birds.
The aim of this study was to determine the mercury levels in selected tissues and organs of the herring gull, which winters in the region of the Gulf of Gdańsk, paying special attention to differences between adult and immature birds.
MATERIALS AND METHODS

Information on the species Larus argentatus
The study focused on the herring gull Larus argentatus, a species common in northern Europe. The number of wintering birds in the Polish territory is estimated at 40,000 to 80,000, while the number during the breeding season is at a level of 1700 to 2200 (BirdLife International, 2004) , and the birds tend to live mostly in coastal areas or close to large inland water bodies. The birds reach sexual maturity around the age of 4 years but they start breeding usually at the age of 5-6 years; the breeding season starts in mid-April and lasts until the end of June (Cramp and Simmons 1983) . Herring gulls feed on organisms of different trophic levels but, to a large extent, they also eat food of anthropogenic origin (Cramp and Simmons 1983) . Their diet depends on the availability of food and consists of marine fish and invertebrates, small amphibians, annelids, eggs and nestlings of other birds, carrion and waste found in the urban environment. The herring gull is the most numerous gull to winter in northern Poland (Meissner and Betleja 2007, Meissner and Rydzkowski 2007) and at this time of the year, the municipal waste is a very important food source for them (Vidal 1981, Meissner and Betleja 2007) . Gulls wintering in the Gulf of Gdańsk area frequently feed on municipal waste dumps and in fishing ports. The total number of birds in these areas can range from several to over 20 000 (Meissner and Rydzkowski 2007) . Other places where these birds occur in large numbers are harbor areas in Hel and Władysławowo (Meissner and Nitecki 1989), where they also feed on natural marine resources (Spaans 1971) and scavenge behind fishing vessels (Furness et al. 1992) . The latter strategy of obtaining food is mostly used by adult birds (Meissner and Nitecki 1989, Garthe and Scherp 2003) .
Sampling and analysis of the research material
Dead birds were found on the beach and in the area of the fishing harbor in Władysławowo (φ= 54º47´, λ= 18º25´) in December 2009 and in March 2010. Although the cause of birds' death was not investigated, it is believed that their mortality could be affected by meteorological conditions. During the sampling period, there were 15 days with a minimum temperature of −10°C.
According to quantile classification described by Miętus et al. 2002 , the winter of 2009-2010 was classified as very cold.
The age of birds was determined based on plumage characteristics (Malling Olsen and Larsson 2004). There were six adult birds (>4 years) and seven immature birds; three in the second year of life, three in the third year of life, and one in the fourth year of life.
During dissection, muscle and clotted blood samples were collected along with samples from the kidneys and liver after their extrication. Feathers (primaries, retrices and contour feathers) and claws were also analyzed for mercury concentration.
The samples were placed in polyethylene zip bags and frozen (<-20 o C) until the analysis. Mercury concentration was determined by atomic absorption spectrophotometry with the use of an AMA-254 automatic mercury analyzer.
The biological material was homogenized, freeze dried and divided into the following aliquot parts: 0.1 g for muscle and blood, 0.01 g for liver and kidney and 0.02 g for feathers and claws. Prior to analysis, feathers and claws were washed in 50% acetone, rinsed 5 times with DI water and dried for 24h at room temperature. Once freeze dried and weighed, the material was placed in pre-heated nickel vessels, which were automatically transferred to a combustion chamber. The tissue was then dried at a temperature of 120°C for 300 s and combusted at a temperature of 550°C for 180 s. Using oxygen as a carrier, decomposition products were transferred to and amalgamated on a gold trap. Following the thermal desorption in a 60 s sampling cycle, the absorbance was measured at 253.65 nm. Quality control was carried out by the measurement of certified reference materials (QTM057 and QTM055BT) with RSD equal to 5% of the mean. The detection limit, set at three times the standard deviation value of the blank, was equal to 0.06 ng g -1 d.w and the total mercury concentration (HgT) was expressed in μg g -1 dry weight. The average concentration for samples was calculated applying three analyses. Mean percent recoveries of the standard reference materials were 95 ± 1.9% (QTM057) and 98 ± 1.2% (QTM055BT). Permission to collect dead birds was issued by the Regional Director for Environmental Protection in Gdańsk (RDOŚ-22-PN.II-6631-4-42/2010//ek).
Statistical analysis
All the hypotheses tested were performed using software package Statistica 8 and Microsoft Excel 2003 with a significance level of p<0.05. To assess the significance of differences between the two independent samples, one-way analysis of variance (Test F-Snedecora) was used.
Data are expressed by means value ± confidence level.
RESULTS
In all the analyzed samples, mercury concentrations were above the detection limit. Mean concentrations, together with maximum and minimum values for different age groups, are presented in Tables 1 and 2 . The obtained results demonstrate high variability between different tissues and organs. The highest concentrations were determined in contour feathers and the kidneys, and were equal to: 3.0; 3.3 μg g -1 d.w. in feathers and 0.7; 0.8 μg g -1 d.w. in the kidneys, in adults (>4 years) and immature birds (≤4 years), respectively.
The lowest concentrations were recorded in the muscles of adult and immature gulls at levels of 0.4 μg g -1 d.w. The largest range of the confidence level was calculated for the claws of both adult and immature birds.
The obtained values of mercury concentrations indicate large inter-specific differences between adult and immature individuals. Mean mercury The number of specimens is given in parentheses; symbols: l -liver, m -muscle concentrations in the liver and claws of immature birds were two times higher than in adults. During the study, a linear relationship was observed to exist between HgT concentration in the blood and in the internal organs (Fig. 1) , and this is consithestent with the previous research (Kahla and Becker 1999) . This correlation facilitates the method based solely on the blood analysis, which allows noninvasive estimation of the mercury content in the kidneys and liver, and therefore hunting or killing the birds will no longer be necessary.
The standard error of estimation (SEE) accounts for about 20% of the regression coefficients and low SEE values, along with the high proportion of variability calculated for each equation (R 2 ), indicate that the predictive values of both models were quite high, in spite of a rather small number of samples (Table 3) .
There were no statistically significant differences between mean values for immature and adult individuals.
As in the case of other aquatic birds, the ratio of Hg concentration in the liver to Hg in the muscles of herring gulls is high and always higher than unity (Fig. 2) .
DISCUSSION
The concentration of mercury in the tissues and organs of birds is closely related to the diet, as the food intake is the main pathway by which this metal enters the organism, and adsorption of mercury from the air and water is minimal.
The inorganic form of mercury prevails in the marine enviroment. The organic mercury, the most toxic and bioavalible form, makes up just 1% of the total mercury concentration but methylmercury constitiute of 89% of the organic mercury.
Most publications report higher mercury concentrations in adults than in immature gulls, including the herring gull, because birds accumulate mercury in their bones and muscles with age (Wenzel The number of specimens is given in parentheses and Gabrielsen 1995 , Stewart et al. 1997 , Bond and Diamond 2009b . Burger (1995) considers the concentrations of mercury and other metals found in feathers to be directly related to the age of birds from the earliest stage of ontogeny. This is supported by the fact that the concentration of mercury found in eggs and chicks is lower than in juvenile or adolescent birds. The mercury levels for seven immature herring gulls found in the Gulf of Gdańsk were, however, similar to those found in adults from the same area (Table 1 ) and this kind of situation, i.e. when mercury concentration does not increase with age of birds, has been observed before (Nelson and Dietz 1989, Dietz et al. 1996) . In Greenland, for example, no agerelated increases of concentration were observed in seabirds, although this is likely to have been caused by regional differences, notably in the composition and quantity of food. In general, however, smaller and weaker individuals may be compelled to feed on different, more abundant resources (Burger 1987 , Witt 1995 and a similar situation may well occur among birds wintering in the Gulf of Gdańsk area, where birds of local origin mix with birds from other breeding grounds, e.g. in Scandinavia and north-west Russia (W. Meissner − unpublished data). Therefore, it is considered likely that different food sources, with varying concentrations of mercury, are used by different populations of the herring gull, which then translates into different concentrations of mercury in the bird tissues. Gender may also affect the concentration of mercury found in birds and differences in the metal concentration between male and female individuals may be attributed to various factors, including different types of food, intake levels, proportions of intake and methods of detoxification.
Toxic dynamic processes inside the organism facilitate the transfer of metals from food to the intestines, where organic metal forms may then migrate through the intestinal walls into the bloodstream, muscle tissue, feathers and eggs until they reach equilibrium (Burger and Gochfeld 1997). Therefore, blood metal levels may appear to reflect the pollution of the environment with heavy metals, including organic forms of mercury. Only organic Table 3 Regression was used to estimate Hg T concentration in the kidneys and liver (in µg g 
L.argentatus ≤ 5 years, Gulf of Gdansk
This study Kim,1996) L.hyperboreus, Greenland (Nielsen&Dietz,1989) L.hyperboreus, Greenland (Dietz,1996) L.hyperboreus, Barent Sea (Savinov, 2003) forms of mercury are subject to biomagnification, as proved by Kasper et al. (2009) , hence birds feeding mostly on fish tend to accumulate more methylmercury than those feeding primarily on plant material. The concentration of mercury in all kinds of organic tissue increases with the trophic level. And thus, high concentrations of mercury in the liver of herring gulls indicate high levels of mercury in their food.
The bird liver is able to accumulate methylmercury and demethylate it to a less toxic inorganic form, which remains in the liver, while the toxic form is excreted during feather molting. The ability to transfer mercury to feathers is characteristic for all birds, and it probably reduces the amount of methylmercury transported from the liver to muscles. During this study, the highest concentration of mercury was observed in the feathers, the concentration in the liver and kidneys was at a considerably lower level and the lowest value was found in the muscle tissue. Similar situations have been observed with other aquatic birds and feathers are always characterized by the highest concentration of mercury, in some cases up to 90% of the total body content of mercury (Burger and Gochfeld 2009). In the Szczecin Lagoon, Kalisinska and Dziubak have discovered a similar distribution of mercury in the body of the common goldeneye Bucephala clangula (2007) .
The ability of demethylation attributed to birds depends on species (Kim et al. 1996) . Species characterized by low ability of demethylation eliminate methylmercury from their organism by storing it in their feathers, which are later shed during molting. It is an alternative but efficient way of detoxification (Bond and Diamond 2009a) . However, although this process may be the main cause of high concentration of mercury in feathers, the chemical affinity of mercury to keratin may also be, at least partly, responsible for high concentrations of this metal in both feathers and claws (Table 2) .
Predictive equations for assessing the amount of accumulated mercury in herring gulls may be used for both living and dead birds, eliminating the need for laboratory analysis. However, the predictive equations set forth in this paper should be used only for birds wintering in the southern Baltic, as the relationships between blood mercury levels and mercury concentrations in the liver or kidneys may differ within a given species, both seasonally and geographically.
CONCLUSIONS
Geographical differences between environmental conditions, habitats and diet result in a high level of variability in mercury concentration among aquatic birds. In general, herring gulls wintering in the vicinity of the Gulf of Gdańsk in the Polish Coastal Zone are characterized by lower mean mercury concentration in organs and tissues than birds from other areas of the northern hemisphere. This indicates that their food, coming from both terrestrial and marine habitats, contains lower levels of mercury pollution compared to other areas where similar studies were conducted.
When compared to herring gulls and glaucous gulls from northern Europe (Norway, Barents Sea), gulls in the Gulf of Gdańsk have similar mercury levels in their liver and muscles.
A similar mercury concentration in the organs and tissues of young gulls, compared to older birds (i.e. over five years old), may be related to different origins of adult and young birds. Gulls and many other bird species shorten their migration distances with age. Therefore, herring gulls from different groups of age may spend most of their time during the winter season in areas with different levels of pollution.
Another reason may be related to gender and the detoxification of the female organism by laying eggs. However, it is not possible to identify sex with certainty when material is freeze dried, as it was in this case. There is also a possibility that adult gulls have more developed protection mechanisms against toxic substances that are introduced with food.
In conclusion, the blood of birds appears to reflect in a satisfactory way the levels of mercury accumulated in internal organs. The blood may also reveal the long-term effects of exposure to mercury, which is present in food, especially in relation to the liver and kidneys.
An additional advantage of using blood as a bioindicator, is the possibility of almost entirely noninvasive sampling, which does not require the bird to be killed. However, application of this method in the Baltic Sea requires further research. Predictive equations for assessing the amount of accumulated mercury in herring gulls may be used for both living and dead birds, eliminating the need for laboratory analysis. However, the predictive equations set forth in this paper should be the and used only for birds wintering in the southern Baltic, as the relationships between blood mercury levels and mercury concentrations in the liver or kidneys may differ within a given species, both seasonally and geographically.
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